THE - UNUBLSED PRGNS DA

ANTENNA
LABORATORY Y64 1ruap

RESEARCH ACTIVITIES in --- WESR I Sl S

V4 Autonratie Conirob Antennrs Fobe Vica Stucies

/ /7 Micronare Ciromg Adronauty: VM Pl [ivon
Terrnn Diowicanomn Radoms (SR RTITRNN FYRYSYPS
Worne Miopasanen vigbrin i tor _'§;i.7‘_[r.f";lJ.‘;:me

OTS PRICE
s

$ Y / - o

XEROX

MICROF ILM  § Ll

—
-— . mnp omm
—— m— - e ©
—— o—
- ana

T T T e e —
ON THE CORRELATION RADIOMETER
TECHNIQUE, 1I

K. Fujimoto

N5G-T4-60

H
U)

Prepared for i
ational Aeronautics and Space Administ ranop
Washington 25, D,C,

: 1093-16 1 August 1963

Department of ELECTRICAL ENGINEERING

THE OHIO STATE UNIVERSITY
RESEARCH FOUNDATION
Columbus , Ohio



incuars hu responsibihty noyr any ohligat:lon whatsoever.' and’ the ‘fact that
ermnla.:ed‘ furmthed, or in any, way: éupp;ied

_implication ‘or otherwise as in any manner hcensmg the holder or a.ny
other’ persén or corporation, -or conveying any rights or, permusmn to
manufacture, s -use, or sell any patented invention that may in any way be’
related thereta.




LN

¢ 6C

300;

REPORT 1093-16

REPORT
by

THE [OHIO STATE UMNIVRRSIPY¥ RESEARCH FOUNDATION

COLUMBUS 12, OHIO

Sponsor National Aeronautics and Space Administration
1520 H Street Northwest
Washington 25, D.C.
oTrS5
Grant No, NAR Q’JNSG-74-6O)

; . 6Ok, K/ a/,f'
(NBsP CR-5268Y; Byt 10F378)  O7S F R 6Cpk,

Investigation of

Subject of Report

Submitted by

Date

1098 - 16

Receiver Techniques and Detectors for Use
at Millimeter and Submillimeter Wavelengths

0;1 the Correlation Radiometer Technique, II

K. Fujimo
enna Laboratory
Department of Electrical Engineering

-

1 Aug‘w"1963 27/> 4’74




Iv.

V.

VI,

APPENDIX -~ Evaluation of the effects of the receiver

1093-16

TABLE OF CONTENTS

INTRODUCTION
ANALYSIS
(1) The receiver signals

(2) Basic relations pertaining to the
correlation of two signals

(3) Signal-to-noise ratio

(4) The minimum detectable temperature
increment

(5) The effect of the variation of receiver
parameters upon the radiometer

sensitivity

COMPARISON WITH THE DICKE
RADIOMETER

CONCLUSIONS
ACKNOWLEDGMENTS

REFERENCES

phase fluctuations

ii

12

12

18
20
21

22

23




Page 1 of 24

ON THE CORRELATION RADIOMETER TECHNIQUE, II

I. INTRODUCTION

An analysis of the correlation radiometer technique has been
previously reported.! The reason for using the correlation technique
is essentially to obtain high signal-to-noise ratio as a result of the
high correlation between two signals and the low correlation between
two noises (cf., Fig. 1). Usually the two signals are considered to be

An:enna
s,+ n, |Receiver U,
I - ¢..
[#] [#)
Multiplier w Integrator }—r———o
Output
Antenna
2.
Sotny Receiver Uz
f 2.
( Delay)

]Auto-correlotion Functions of Voltages at Positions Shown.

Fig. 1. Simple block diagram for the IF type
of correlation radiometer.

coherent in both amplitude and phase over the desired spectrums and
during the observation time. However, in practice, one cannot always
expect such a perfect coherency between two signals, since one or the
other of the signals may be perturbed by the medium through which the
signals are passing on their way from the source to the radiometer.

In some cases the phase coherency is almost totally destroyed and only
the amplitudes of two signals retain any degree of correlation. In
order to apply the correlation technique in this case, one must employ
square-law envelope detection before the correlation process, as is
shown in Fig. 2. We distinguish between the two types of radiometers
by calling the first type (where the signals themselves are correlated)
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the IF type, and the second type (where only the amplitudes are cor-
related) the ENVELOPE type. (Hereafter we will call these the IF type
and ENV type, respectively.)

Antenna
. °
$1*+M | Receiver Xi Square-Law X, LPF-1
I Detector |.
Y)
Output
Muitiplier integrator ——O
Y2
Antenna (Delay)
2.
2
S2+ N2 | Receiver | X2 [Square-Law| X2 L PF-2
2. Detector 2.

Fig. 2. Simple block diagram for the ENV type
of correlation radiometer.

The object of this report is to study the properties of these two
types of radiometer separately. (In Reference 1 these two types were
not treated separately at all, except as related to the bandwidth of the
two types of systems.)

In this report, the expression for signal-to-noise ratio and the
minimum detectable temperature will be determined for the ENV type
of correlation radiometer, and it will be compared with similar
equations for the IF type and the Dicke radiometers which have already
been given in Reference 1.

Special features of the correlation radiometerhave been discussed
in Reference 1. But in view of distinction of two types of system, they

are supplementally described as follows:

(1) Disadvantages of the correlation radiometer

1093-16 2




(a) Because of the need for two identical receivers, the
correlation radiometer systems are necessarily more complex.

(b) Fluctuations in the gain or phase characteristics of the
receivers in the correlation radiometer will cause greater output
fluctuations than in the case of the Dicke radiometer, where the tem-
perature of the matched load may be made almost the same as the ap-
parent source temperature to reduce the effects of gain fluctuations.
Also, phase shifts in the Dicke radiometer receiver have little or no
effect upon the output, while in the case of the IF type of correlation
system spurious phase shifts in either one of the two receivers will
seriously degrade the performance of the radiometer. (Section 2.4 in
Reference 1 should be disregarded because of erroneous treatment
caused by misuse of uncorrected equations in Reference 2.)

In the ENV type of system, the phase shift of the received signal
itself will not introduce any errors in the output, since all of the phase
information is lost in the square-law detector. However, any shift in
the phase of the signal envelope will cause output errors.

(2) Advantages

(a) The IF type of correlation radiometer is naturally adapted
for use in an interferometer system.

(b) The simultaneous observation of two signals is especially
suitable for the ENV type.
II. ANALYSIS

(1) The receiver signals

In order to evaluate the minimum detectable signal in terms
of the equivalent minimum detectable temperature increment (AT), the
same procedure as in Reference 1 will be used; i.e., first we evaluate
the signal-to-noise ratio (SNR) at the output in terms of the SNR at the

input to the radiometer receivers. We have assumed the following:

(a) Both signal and noise possess Gaussian distributions
with zero mean values;

(b) Both functions are independent of other variables, and
they have the properties of ergodicity and areistationary.

1093-16 3




(c) The signals at the receiver inputs are coherent and each
has a mean-square value q;;sj.

(d) The noise signals at the receiver inputs are uncorrelated
and each has a mean-square value Lpnj.

(e) Each receiver has high-Q bandpass-type characteristics
centered at w,.

The subscript j designates channel or receiver number.
(2) Basic relations pertaining to the correlation of two signals
Referring to Fig. 1, the inputs at the correlator are repre-
sented by U (t) and Uz(t}ke), where 0 is the time delay of channel 1 as

compared to channel 2, The output of the multiplier has the correlation
function;

(1) dmlT, 0) = W(t, 6) W(t+T, 6)
where
(2) W(t, 8) = U; (t) U, (t+96).

The overhead bar denotes a time average. The portion of ¢ (7, 6},
which is independent of 7 (i.e., ¢,,(0)] 3c) represents the desired signal
power output, and the portion which is dependent upon 7 but has no 'dc!
components represents the noise power output of the multiplier circuit.
The output of the integrator can be found by convolving the integrator
input with its impulse response function. Taking the ratio of the 'dc'

to the T-dependent portion of the correlator output then gives the output
SNR, which for arbitrary 6 is;

$¢m(0)] dc

0 .00 P |
?lT?g S dn(, 0) 4 |H(w) P 7197 dwdr’

- 00 " = 00

(3) E} =
Ni(r=0)

where H(w) is the transfer function of the integrator circuit. We will
obtain the SNR for the maximum mean-square output signals by setting
0= 0. The sensitivity in terms of the minimum detectable equivalent
temperature Tin or AT will be derived later on.
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The above has considered the IF type of correlation radiometer.

For the ENV type of system, completely similar relations can
be derived, if Uj is replaced by Yj as shown in Fig. 2.

(3) Signal-to-noise ratio

Referring to Fig. 1, the input signal to the square-law detector
(i.e., the receiver output signal) for each channel is given by

(4) Ujt) = Aj(8) {55(t) + nj(t)}

where s.(t) is the input signal and n:(t) is the equivalent input noise.
Aj(t) is f_]he gain of receiver, which in the initial analysis will be taken

as constant (i.e., Aj(t) = Ajo)' Because of signal coherency, we assume
that

(5a) s; (t) = s(t)

(5b) 8, (t) = ms(t+6)

where n is the amplitude factor and 0 is the relative time delay of the
channel 1 signal as compared to the channel 2 signal. The same form
used:. . in Reference 1 for the autocorrelation functions of both signal
and noise that have passed through the high-Q bandpass amplifier,

(6a) dg = Yg e “s || COB WyT

(6b) $n =Un e-wnl’rl CO8 woT

will again be used. Here w, is the center frequency of the amplifier,
wg is the effective half~-bandwidth of signal and wy, is that of the noise.
The dc~-component of Eq. (1) is found to be

"'2(.0 0 2

(7) (0] gc = n? q;i e 787 cos®wgy0.

* 1093<-16 5



With the assumption that the integrator was an RC-filter with
cutoff frequency wj, the output noise term was given by1

1 2 1 + 1
+¢s¢nz(w—s—1:n—z)+n ¢s¢nl(ws+wn1) l-|"1’1), wnz(M)] .

Thus the output SNR can be written as (for 8 = 0),

2 2 [ _AWIF
Zn ys WL,
9 2| = :
N 1 anq"é+n ¢s¢n1 + Lps‘l»‘nz + LI"nl L]an
AWIF ]
where wg Swny = > has been assumed. (The subscriptI refers to

IF -type correlators and E to ENV type.)

For convenience, the SNR at the correlator input will be intro-
duced, that is

s o _ S;(t)Sy(t47)  9s(7) ] _¥s g
> =R = = =
(10) N]in, 1 in,l1 Nl (t) Nl (t+T) T:O ¢n1(T ) 1-:0 4’n1 1

for channel 1, and

5 S2(t) S, (t+) nos(m) | miug
R, “Rin, 2 " (O N, (01 T e
in, 2 2 2 T) =0 ¢nz(T) T

for channel 2. Using the above, the SNR at the correlator output is
expressed by

2(Rin,1 (Rin, z)

= = Ry =
(12a) N]I ' (Rin, 1 )(Rin, 2) + (1 +Rin, 1 (1 + Rin, )

- Q

or
27’ R, R
(lzb) RI: 2 n ! 2 z -Ct.
n"RiR; + (1 +R; ) (1 +n°R;)
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This equation will be used for obtaining the SNR for the ENV
type of system,

(b) ENV type of system

In this case, correlation is performed with respect to the
envelope of the signal and noise, and different forms for the signal
and noise functions will be used. Since both functions gre the output
of the bandpass~type amplifier, we may express Uj(t) as:

(13) Uj(t) sj(t) + ny(t)

xJ-(t) cos wyt ~ yj(t) sin wgt.

x; and y; ¢an be further decomposed into signal and noise terms as
follows:

(14a) xj(t) = sg(t) cos. Q4(t) + nj'(t) cos Qp/(t)

(14b) y;t) = s5(t) sin 2gt) + an(t) sin Q ()

where Q(t) is the phase factor, which is also considered to be a
statistically independent and random function. The output of the square-
law device, i, e.; the envelope of combined signal with noise, is:

(15a) Ej(t) = x;(t) + y£(1)

(15b)

(5(t1)? + (n(t))? + 25%(t) nilt) cos @2 g(t) - 2,46} .

The output of the correlator can be found by correlating E; (t) and
E,(t40), where 0 is relative delay time of channel 1 as compared to
channel 2. However, from the preceding section we already know the
output SNR of the correlator in terms of the input SNR of the correlator.
Hence Eq. (15) can be used for obtaining the correlator input SNR, and
then combining it with Eq. (12) will give the correlator output SNR.,

1093-16 7




The mean-square value of the envelope in each channel is given
by*

(16a)  EjOEjt+m)] o= {x2(t) + y5(t)} (S (t+m) + yj(tﬁ)}]T:o

(16b) = {65500 + 0p;(0}7 +2bgir) + o]

where ¢sfj(-r) is the correlation function of s'j(t), etc.

The first term in Eq. (16b) which is independent of v, represents
a dc-term that will be eliminated by a blocking circuit before the cor-
relator, Then the correlator input SNR is given by,

2
byj
2
20gjdy t b

(17)  Rin : =

in, j

where

Ysh = bgr and  Ps3 = nligl

The SNR at the square-law detector input R;

j is found as Ysj/¥nj = Wsj/¥nj-
This is derived™™ by using Eq. (13),

*To obtain Eq. (16b) the upper bound of Eq. (15b) has been used, i.e.,
cos {2 g4(t) - inj(t)} <1,

**Equation (18b) has been taken as the upper bound of the autocorrelation
functions, i.e.,

Uj(t) Uj(t+T) _|'r (¢xj('r) +¢yj(f))cos woTl -2

_0—

Nl'—'N

where

psfj(T) = cos{Rg«j(t) -~ g5t +7)} <1

and

pn,j(-r) = cos{Q (t) QI{j(t+T) <1

1093-16 8




;
(182)  Uj(t) Uj(t+)] g + g

T=

=1
(18b) = > Ly + 4l
Then the SNR at the correlator input is given by

2
’ R, (Rin,; )’
(19a) Rin,; = =
2R, +1  2(Rin,) + 1

and 2
4
o K. n R, (Rin, )’
1 . = =
( in,2 ZT\ZRZ +1 Z(Rin,z) +1 .

This leads to the following expression for SNR at the output of the

correlator
2 2
S 2(Rin,;) (Rin,.)
(20a) =| “Rg = z z - B
Nig (Rin,1) (Rin,2)" +(Rin,1 + 1)*(Rin,z +1)°
or

(208) - 2(R; )% (n® Ry)? .
E 7 (R R;y)? + (R, +1)2(n2R, + 1)

where £ = Awg (Awy is the bandwidth immediately preceding the
correlator), “L

From the preceding, one can see that R;n,j is always smaller
than Rjp,j and at most Rjp,j = 1/2 Rin,j (n® < 1). In other words, from
the standpoint of the SNR, placing the square-law detectors before the
multiplier causes loss in the radiometer sensitivity, especially in the
case where the receiver input SNR is much less than unity., Thus the
use of the ENV type of correlation radiometer should be avoided except
in those cases where the IF type is not practical (i.e., where there is
no phase coherence between the incoming signals to the two receivers).
The relation between Rin j and R; is shown in Fig. 3, and a plot of Rg
and Rp vs R; for various values of n(< 1) are shown in Figs. 4 and 5,
respectively, These plots assume the condition that Yo, = Y, oOr
R; = R, . The solid lines in Figs. 3, 4, and 5 show the unity locus
where the input and the output SNR are equal., In the ENV type of system

1093-16 9



1093-16

40

20

A proposed experiment to study the bi-static
reflection from the moon using a correlation
radiometer.

P

/

L

A )i
\0 /

///
=

P
O
-60
o
O
-80
-30 -20 =10 o I0 20 30
Rj db
Fig. 4. The correlator input SNR as a function of the

receiver input SNR (for j = 1, nz =1).

10




) 7
L N
gl \SINV
- I
VLU

N A
SIS

-30 -20

Fig. 5. The output SNR for the IF type of correlation

-0

0
R, db

10

20

radiometer as a function of the receiver
input SNR (a = 103).

1

30




the degradation of the output SNR occurs more rapidly as the input SNR
becomes smaller than it does in the IF type of system. However, in
either case, since o and B are much greater than unity, we find that
one can obtain greater output SNR than input SNR.

(4) The minimum detectable temperature increment
(a) The effect of the input signal strength
We defined AT as the minumum incremental variation in the
temperature of the source which can be detected, and can replace Tyin
as the measure of sensitivity for the large-signal case.
For the ENV type of system, output signal of the radiometer is

given by

2 2
(21) S=CgT, T,

where CE is a constant. Then we have

(22) AT] =

oo, N
S

S

This AT; is understood to be equal to AT.

Applying this definition, the minimum detectable temperatures
for various cases of large and small input SNR can be found and are
given in Table 1. As a comparison, Table 2 shows those for the IF

type of system.

(5) The effect of the variation of receiver parameters
upon the radiometer sensitivity:

(2) Gain fluctuation

Let the gain of the receiver be given by

(23)  Aj() = Aoj + AA;(t)

where AAj(t) is the small variation in the receiver gain. Then the
input to the correlator becomes

1093-16 12




TABLE 1
(IF Type)
SNRjpput SNRoutput T in or AT | Remarks
l -
R, >> 1 o | I .S_J >> 1
7R, >> 1 l 20 | NI
>> 1 2 | 3 -
21! 3 3¢ | 2h §| >> 1
nR, =1 3 1 N
|
2 | R =
Ry >>1 n°R. a 2 N |
ﬂsz << 1 n P ' Tn s | o> 1
l 4c1'q: NJ[
1:‘eTo l §:| <1
= a N -
SR R S &
noe I ?n §} >> 1
i 2an N 1
1
FeT | s
(1) =2 Tph1=Th, _:] <1
N
SR << 1 2R, R,a Jza | I
n R, <<1 I
(2) TOJFexpez T, 4T 2p. =R
_F— n1#Tnz | n R, =R,
|
Notes: (1) Th = Tnz =Tp and F, = Fe, = Fg have been assumed,

otherwise indicated
(2) Tnj = Fej To

1093-16
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TABLE 2
(ENV Type)
SNRinput SNRoutput Tmin or AT {Remarks
I -
1 R >> 1 B | I |s >> 1
n?R, >> 1 | |Nlg
1 -
>> 2
2| LR =p | 24|35 s
2R, = 1 5 l 8 B | Nlig
F T 1 -
elo I S <1
R, >> 1 , e —, 4t NE_
'R, << 1 2n*R, B | Tn4 S| >
3 . 8B n N:E
7 FeTo |r S <1
N <
Rl t—' 1 '1_7]4Rzp .._..._.p_ ______ __..__.-4,__.E—._..._..
n*R, << 1 2 : T; S| s>
,l 2pn* | NJE
+ -
FeT S
(1) ng Th1=Tn; | N—'E <1
R, << 1 ‘r’R? (2p)* |
4 anz << 1 2n"R1R,P |
ToJFe; Fe, 2
(2) _ge_l_ Tni#Tn, | n Ry =Ry
(2B)+ |
Note: (1) Tpny = Tpnz = Tpand Fe; = Fe, = Fg have been assumed,
otherwise indicated
(2) Tnj = Fej Ty
109 3-16 14




2 2

2(Rin,1) (Rin,2)
(28a) N = ' 2 ” 3 z T ’
NHE  (Rin,1) (Rip,2)” #(Rip,1 + 1) (Rip , +1) (1 + I'g)

where

(28b} TE': b, +b, +b; b,

Let us consider the error in T i, due to the gain fluctuation.
For a weak signal, one may put S/N = 1.. Then Rin,1 and Rin,, are both
much less than unity, and we find that

(29) Tmin]ﬂ = (Tn/‘[z_o’) (1 + ‘;’ : FI)

for the 1F -type system, and

¥ 1
(30) Tmin]fE :{Tn/(zﬁ%)‘* Q t7 T‘E)

for the ENV -type system. If the same receivers are used in both types

cf systems; the ENV type would have somewhat larger apparent variations
in Tpnin due to gair} variatiops than would the IF type of system, since

FE :: 8 FI and (Zﬁ)'? > (ZQ)-E.

!
For the case of a large signal, i.e., Rin,;, Rin,; >> 1, AT for
each type of system is given by

/ T
(31 AT =AT + =2 T
) 1 1t 0
for IF type, and
7/ T
(32) O ATyE = ATg + _é'é g

tor ENV type.

From the above it may be seen that in the weak-signal case, gain
fluctuations are not very important, but in the large-signal case, a
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variation in the output which is proportional to the input signal is observed.
Thus gain fluctuations become very important in the correlation radiometer,
since unlike the Dicke radiometer there is no matched load which may be

adjusted in temperature to minimize the effects of the receiver gain
variations.

(b) the effect of receiver phase-shift variations

As explained in the introduction, phase fluctuations in the receivers
of the IF type of system would introduce errors into the output signal,
since any variations in the phase characteristics in either one or the
otheér of the receivers would cause at least some incoherency between
the two receiver outputs. This degradation of the coherence may be
treated as a noise source. In the ENV system, although shifts in the
received signal itself will not introduce any errors in the output, any
shift in the phase of the signal envelope will cause output errors.

Consider that a phase or time-delay fluctuation, xg, is introduced
into channel 2 just prior to the correlator. Then

(33a) U,

U, (t)

where 8 has been put equal to 8, + xg. 0r is the mean value of the
channel 2 phase shift and xgis the variation in the phase shift. If it
can be assumed that xg has a Gaussian distribution, then the autocor-
relation function of the correlator output is expressed as

6 (1,8 = <U (t)U,(t+04xg) Us (t+7)U, (t+0+xg +7)>
(34a) X9

(34b) = S‘ql Uz UIT UZT P(xe) de

where < > denotes the ensemble average over xg, and P(xg) is the
probability distribution of xg which is expressed by

2 2
(35) P(xg) = (2mog) o *0/127g)

1093-16 17




where og = the varia:,l .. of xg. Usually Xg is assumed to have the
properties of stationarity and ergodicity. Using the above, one can
obtain (see Appendix):

(36) s =
ZAWIF

2 2 2
SJ ' g (1 - ogug)-
I

A
Fldgs¥n) + o vl i&q}ib:

for the output SNR. Here F(¢s,¢nj) stands for the denominator of the
expression in Eq. (9).

From the above it can be seen that if o4 is large, considerable
degradation of the SNR will result from the increase in_the noise level,
and the simultaneous decrease in the signal level, If cré w(z) approaches
unity, the SNR would fall to a very small value. Thus, for good SNR,
og should be much less than 1/wg.

III. COMPARISON WITH THE DICKE RADIOMETER

Some of the characteristics of the correlation radiometer have
been compared with those of the Dicke radiometer in Ref. 1. Here an
individual comparison of the IF type and the ENV type of system with
the Dicke system will be made.

In the case where the input signals to both channels of the cor-
relation radiometer are small as compared to the noise signals in each
channel, the minimum detectable temperature of the IF type of cor-
relation radiometer can be shown to be (when the gain fluctuations are

included):

2

(37) Tmin]f = xl{—— (1 + = E
A I J—— Z'
, o} 2 i AOJ

where Ky is a constant, (In the following, the subscript will denote
the Dicke radiometer, I the IF type, and E the envelope type of cor-
relation radiometer.) The sensitivity of the Dicke radiometer is given
by

(38) T ] -k [Tn + 25 (AT +T)]
min fD =D J—O,- Go A S

1093-16 18




where Kp is another constant of the same order of magnitude as Kj.

T, is the equivalent system noise temperature, AG is the gain fluctuation
factor, Gg is the mean value of the gain, ATA is the temperature difference
between the source and the load temperatures, and Tg is the noise tempera-
ture of the source. It can be seen that the first terms in Eqgs. (37) and (38)
can be regarded as being similar terms., The second terms are also com-
parable, since the term

2
L\ ( U»Ag)
2 z
jél Aoj

may correspond to AG/Gg,, and the terms T,/ a and (AT + Tg) can be
more or less considered to be equivalent. As was shown in the preceeding
sections, the ENV type of radiometer had a poorer slensitivity than the IF
type of radiometer by a factor of (2)°% . (a) 2z - (8) =

In the case whezre one or the other of the signal inputs is no longer
small, e.g., Rp>1>n R,, it can be shown that the minimum detectable
temperatures, for the case where output SNR >>1, is:

T

(39) ATy = —25 (IF type) (Tp = Fe Tp)
4an
Th

(40) ATEg = 7 (ENV type) (T, = Fg Tp)

881

which shows that the sensitivity depends upon T, and . If we would
compare the sensitivity of the above systems with a Dicke system looking
at the larger source, we find that for the Dicke system;

(41) ATD =KD ° T1 /a,

where F, is the equivalent noise figure of the receivers in all cases,
and T, is the standard temperature (commonly taken to be 290 degrees K).

The latter relation can be derived from the equation for the output
SNR in Goldstein's paper. Comparing the above, it is seen that the
correlation radiometer would have a lower sensitivity than the Dicke
radiometer because (n?T; /T )<L

1093-16 19




For the case where the output SNR is close to unity, T,,in is given

LV
F_T

(42) Tminl; = —55- (IF type)
F.T

(43) T = —£-2 (ENV type) .,

we see that the IF type of radiometer would be more sensitive than the
Dicke radiometer in this case by a factor of YO, while the ENV type of
radiometer would have a sensitivity on the same order of magnitude as
the Dicke radiometer, except for factor of order unity due to constant
term.

IV, CONCLUSIONS

The two basic types of correlation radiometer, the IF type and the
envelope-detection type (ENV type), have been discussed and compared.
The signal-to-noise ratio at the output and the minimum detectable
temperature increments have been expressed in terms of the signal-to-
ncise ratios at the inputs. These results have shown that the IF type of
radiometer is superior to the ENV type of system in terms of the sen-
sitivity and should be used except where the phase information of the
two input signals is uncorrelated. The effects of gain fluctuations upon ‘
the minimum detectable temperature have been compared for the IF,
the ENV,; and the Dicke types of systems. It was found that the IF and,
the Dicke systems gave comparable results but that the effects of gain
fluctuations in the ENV type of system was worse than in the IF type of
system. It was also shown that phase fluctuations in the receivers could
result ir large degradations in the system sensitivity,
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Correlation technique’” "’ *’ ~ and its application to radiometers

have been discussed in previous work.?’ "? ® Here the emphasis is on
determining the most useful applications of the correlation-type radi-
ometers. These would be in interferometer systems (IF type) in the
millimeter or submillimeter wavelength regions where the elimination
of the microwave switch which is used in the Dicke system is the main
advantage which the correlation radiometer can claim; and for the
studying of the correlation (ENV type of system) between the signals
received from two different sources such as the sun and the moon.

V. ACKNOWLEDGMENTS

The author expresses his appreciation to Mr. R. A, Williams for
his many helpful comments and suggestions. Thanks are also due to
Dr. C.A, Levis, Mr. R.A, Fouty, Dr. W,S.C. Chang, and Dr, W ,H,
Peake for their advice and encouragement,

21




VI.

1093-16

REFERENCES

Fujimoto, K., '""On the Correlation Radiometer Technique,"
Report 1093- 6, 11 January 1962, Antenna Laboratory, The Ohio
State University Research Foundation; prepared under Grant No.
NsG-74-60 for National Aeronautics and Space Administration,
1520 H Street Northwest, Washington 25, D. C,

Goldstein, S.J., "A Comparison of Two Radiometer Circuits, "
Proc. I.R.E., Vol. 43, 1955, p. 1663,

Tucker, D.G., "Signal/Noise Performrmance of Multiplier (or
Correlator) and Addition (or Integrating) Type of Detector,"
J.I.E.E,, Pt. C, February 1955, p. 81.

Fano, R.M., '"Signal-to-Noise Ratio in Correlation Detectors, "
M.I.T. Res. Lab. of Elect. Kept. No. 186, February 1951,

Green, P.E., "The Output Signal-to-Noise Ratio of Correlation
Detectors,'" Tr. of I,R.E., IT-3, March 1957, No. 1, p. 10.

Page, R.M., et, al., "A Microwave Correlator,' Proc., I.R.E,,
vol, 41, January 1952, p. 12w,

Blum, E.J., "Sensibiliteé des Radiote’lescoPes et Re/cepteurs a
Corrélation' Annales ddstrophysique, Tome 22, Mars-Avril, 1959
p. 138.

Brown, H., "A New Type of Interferometer for Use in Radio-
astronomy,'" The Philosophical Mag., Vol, 45, 1954, p. 663,

22




APPENDIX - Evaluation of the effects of the receiver phase
fluctuations

Starting with the expressions for the inputs to the correlator:
(A-1) U, (t) = s(t) + n (t)
(A-2) U, (t) = ns(t+8 + xg) + n, (t+04xg),

the correlation function of the correlator output is found to be
2
(A-3) dm = S[n‘ {03(0g) +052 () + 45047 4xg) d(0-4xg-T)}

+ ¢g(T) b0z (T) + 1 bg(T) dny fr) +ény (T)énz ()| Plxg)dxg .

Expanding the above in Taylor Series about 8 = 8, the following are
obtained, , ’

(A-4) dm = dmo * Ty Mbm »

where Ady, and ¢ o respectively represent the correlation functions
with and without the phase fluctuation. Ad¢,, is given by

’ 1
(A-5) Adm = nz[¢g(9) + $5(0) 95(0) 3 {p5(T+8)ps(8-7)
+2¢5(6+T)ba(0-T) + ¢s(e++)¢;’(e-7)}]
where prime means the derivatives with respect to . Using the same

form of the autocorrelation functions of signal and noise as Eq. (6),
and after removing dc-components, we obtain:

~wg(|T+0]-|7-0])
(A-6) Ad’m] de = nzq;; e “s w: cos 2wo 9.

After some manipulations similar to those used for obtaining
Eq. (8), we find the following terms at the output of correlator;
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, 2 ~AoIF® 2 2
(A-7) dc-term: n"yg e [cos woe- TgWo €OS Zwoe]

WL, 2 2 2 WLAWIF |AwIF -2w7, ]
A-8 -t . F . i) —— + 1- +1
( ) ac-term (g5 ¥nj) - ogn ¥s 2 [ <*)L( e e)

~AWIFo
.« e 1F cos 2w,0.

Finally, for the SNR at the correlator output, we have, for 8= 0,

2.2 2
a0 S] i n g (1 - ogwg)
NJy WL, 2 2 2 WLAWF .
F(LPs’llJnj)m togn by ———

(In the above calculations it has been assumed that wg = wN; =wN, =
LT[ 2 << wg and the terms above the second order have been omitted.)
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